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. FOREWORD

The results of this research were obtained by ARO, Inc. (a
subsidiary of Sverdrup and Parcel, Inc.), contract operator of
Arnold Engineering Development Center (AEDC), Air Force Systems
Command (AFSC), Arnold Air Force Station, Tennessee, under Con-
tract AF 40(600)-1200, The research was conducted under Program
Element 62410034, Project 7778, Task 777806, The ARO Project
No. was VJ2513, and the manuscript was submitted for publication
on January 11, 1966,

The success of a project of this magnitude depends ultimately
upon the people who contribute their various talents. It is a pleasure
to acknowledge those who have made direct contributions to the work
described in this report. The investigations of the performance capa-
bilities of the two magnetohydrodynamic {MHD) augmentation concepts
treated here were made possible by the help of Dr. Leon Ring, Pro-
pulsion Wind Tunnel Facility (PWT), and the computer programming
assistance of Ernest Burgess and Charles Neel of the Scientific
Computing Services, and Guy Gilley, John ,Puncan and Cecil Taylor
of the Instrumentation Branch of the von Karman Facility (VKF). The
mechanical design of the accelerator and tube modifications were
handled by Gerald Reagan and Robert Van Hook, VKF Test Operations.
Design of electrical components was made by James Patterson, VKF
Plant Operations, H. C. Daniels and Doyle Caffey, VKF Test Opera-
tions, and Steve Wallace and Mary Ann Scott, VKF Hypervelocity
Branch. Instrumentation support was provided by Dave Bynum, James
Ford, Olin Johnson, Joe Q'Hare, and others of VKF Instrumentation.
Within the Hypervelocity Branch, Dan Skelton, Pat Shelton, Robert
Watkins, and George Butler have been responsible for operation of the
experiments. John L.acey and Leo Siler have served as engineers in
charge of conducting the tests and interpreting thg results, as well as
assisting in design of the components. The support of Allen Thomas
and the personnel of the Hypervelocity Branch Shop deserves special
mention. Finally, the major role played by the authors' colleagues
Jack Whitfield and Glenn Norfleet should be pointed out.

This technical report has been reviewed and is approved.
A. G. Williams Donald D. Carlson

Technology Division Colonel, USAF
DCS/Plans and Technology DCS/Plans and Technology
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ABSTRACT

Two concepts for the augmentation of shock tunnel performance
are analyzed. In the first of these, termed the buffer accelerator,
a magnetohydrodynamic (MHD) accelerator is used to accelerate a
buffer gas, which in turn drives a shock into the test gas. In the
second approach, termed the nozzle accelerator, an MHD accelera-
tor is used to accelerate the test gas directly. The latter approach
is shown to be capable of providing higher velocities and longer test
times, bui the aerodynamic quality of the resulting test gas suffers
because of the necessity of adding seed material to develop the con-
ductivity required for accelerator operation. Descriptions are
given of the major pieces of equipment that have been built for an
experimental program to investigate the two augmentation concepts.
These are (1) a 106-jou1e capacitor bank for the electric field, (2) a
10-weber/m2 coil for the magnetic field, and (3) a buffer accelerator.
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Cross-sectional area of accelerator

Area of accelerator electrode

r 2 P
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j¥]
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Outside radius of coil
Magnetic field strength
Half-width of coil
Electric field strength

Energy flow rate
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2 Relative nozzle size (see Fig. 3)

£, Effective distance between accelerator electrodes

L Length of shock tube; inductance

L, Length of accelerator

Ly Length of nozzle

M Flow Mach number

Mg Shock Mach number

m Mass flow rate

N Number of transmission line segments; number of turns
in coil

P Pressure

R Gas constant

Re Reynolds number

S Entropy; stress; skin depth

s Interaction parameter

T Temperature

t Time; turn thickness

Aty Time lost in nozzle

U Flow velocity

Uy Energy density in a magnetic field

v Voltage

Vi Load voltage

Viim Limiting test section velocity

Vo Initial bank voltage

Vo Total coil volume

X Distance

Z, Impedance

Z* Ratio of number of moles to number of moles at
standard conditions

o Form factor for coil, azlal

Form factor for coil, b/ay
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8 MHD accelerator loading factor, E/BU

y Ratio of specific heats

6 Boundary-layer thickness

6* Boundary-layer displacement thickness

A Ratio of cross-section of conducting material to total
cross-sectional area

Ho Permittivity of free space

v Frequency

p Density

T Scalar conductivity

U Conductivity, mhos

SUBSCRIPTS

Numerical: Refer to Fig. 13

Inlet to accelerator

-

e Exit of accelerator

o Stagnation value

N Value per transmission line segment
S. T. Shock tube

T. S. Test section

Xi
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SECTION |
INTRODUCTION

This report is concerned with research directed toward the develop-
ment of an aerodynamic test facility capable of providing test-section
conditions corresponding to flight in the atmosphere at velocities from
10, 000 to 36, 000 ft/sec, at altitudes between 50, 000 and 250, 000 ft.
Because of energy considerations, such a facility must operate on a
pulsed basis rather than providing a continuous flow. A companion
report (Ref. 1) describes related work on a shock tunnel system which
is an integral part of the effort.

Impulse aerodynamic facilities currently operating include hotshot
tunnels, shock tubes, and shock tunnels. The limitations on the per-
formance capabilities of hotshot tunnels are fairly well established
(Ref. 2). Energy-density limitations of the arc chamber gas limit test-
section velocities to about 10, 000 ft/sec. By expanding the test gas
close to the condensation point, these tunnels are capable of providing
flows at a test-section Mach number of 20, at unit Reynclds numbers
corresponding to flight at about 100, 000 ft.

Shock tubes are capable of providing stagnation point simulation
(stagnation pressure and stagnation enthalpy match those of freeflight)
for the conditions of interest here. Shock tunnels provide Mach
number-Reynolds number simulation similar to that provided by hotshots.
The limitations on shock tube performance arise from a number of
factors (Refs. 1, 3, and 4). Arc driven tunnels are limited by the energy
loss by radiation in the driver (Ref. 5). Another limitation is the practi-
cal maximum pressure that can be contained.

Based on the results from hotshot tunnels and shock tunnels, along
with a limited amount of free-flight data, dynamic forces and heat-
transfer rates can be predicted reasonably well from the data from these
facilities. Furthermore, the predicted Mach number independence of
certain coefficients has been confirmed. At the lower densities various
second-order effects are not independent of Mach number but depend

upon M \JRe. This dependence has also been confirmed (Ref. 6).

At the higher free-stream velocities of interest here, it is expected
that Mach number independence will not be valid., At these higher energy
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conditions, the finite rates of the various reactions taking place in the
gas become comparable to the flow transit time. To provide a reason-
able simulation of these effects, it is necessary to match free-stream
velocities (i.e., after-shock enthalpy). Matching of the free-stream
Mach number is also desirable to duplicate the flow field; then the
free-stream speed of sound should correspond to the value encountered
in freeflight. To duplicate the reaction rates, matching of the pL. pro-
duct, where p is the free-stream density and L a characteristic length,
should also be imposed (Ref. 7). All of the above conditions imply that
the free-stream Reynolds number is also matched. However, match-
ing of the pL product for a scale model implies a test-section density
higher than the free-flight. It will be seen that obtaining all of these
conditions simultaneously is extremely difficult. To simplify the pre-
sentation of performance curves, the scale effect will be neglected,

so that the requirements are matching of velocity, density, and Mach
number.

To attain the conditions as given above, it is necessary to have an
airstream of high velocity and high density. Because of the limitations
on available impulse facilities given earlier, it is apparent that a new
approach is necessary. The approach chosen here is to augment shock
tube performance by means of a magnetohydrodynamic (MHD} accelera-
tor (Ref. 8), in which directed kinetic energy is added to the gas by
means of an electrical discharge in a magnetic field, thereby creating
an accelerating body force.

The MHD accelerator is essentially a means of adding energy to a
moving gas stream. Two different augmentation approaches are con-
sidered here. The first is the buffer accelerator, in which the energy
is added to a buffer gas, such as argon, which has been heated by a
shock., The added energy causes an increase in shock speed. The
shock whose speed has been increased is then driven into the test gas
(air). The test gas is then expanded to the test-section conditions by a
nozzle. In this approach, it is necessary to operate in a nonreflected
mode (because of practical pressure limits), with the result that test
times are small (fraction of a millisecond). However, the gas in which
the test takes place is theoretically quite clean,

In the second augmentation approach, termed the nozzle accelera-
tor, the MHD accelerator is placed in the nozzle section and accelerates
the test gas directly. This is a much more efficient process, in terms
of energy addition, than the buffer accelerator. However, to operate the
accelerator, it is necegsary to add a small amount of easily ionized
seed material to the test gas to develop the necessary electrical conduc-
tivity (Ref. 8). The effect of this added material on the flow about the
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test object, and the resulting measurable quantities are under study. It
is not yet clear whether this seeding will present a major problem.

Following a section on general considerations, these concepts are
discussed in some detail to establish the performance limits attainable
with each. The remaining sections describe equipment that is being
assembled to investigate experimentally the two concepts.

SECTION |l
SOME GENERAL CONSIDERATIONS

There are some considerations associated with obtaining a high
velocity, high density flow which are significant regardless of the
particular approach used; they are discussed in this section,

2.1 ENERGY REQUIREMENTS

Figure 1 gives the values of the flow energy in a usable test core
of T-ft diameter. Values are given in megajoules per millisecond of
run time, The numbers also give the power for continuous operation
in megawatts, The curve of 100 megajoules per millisecond corre-
sponds to 10 megawatts on a continuous basis, This is approximately
equal to the total, installed, electric generating power in the United
States. Therefore, continuous operation in this regime is not feasible.
The values in Fig. ! are highly idealized because no losses have been
taken into account. In the impulse-type facilities, the input energy will
be higher than the test-section energy by a factor of from about 10 for
highly favorable conditions to about 100 or more for less favorable
conditions.

The attainable run time will probably be limited to about 1 msec,
Run time limitations result both from the limitations of the gas supply
and the available total energy. Existing capacitor energy supplies are
limited to about 10 megajoules; inductive energy supplies can supply up
to 100 megajoules, but probably cannot satisfy the 1-msec time require-
ment. New types of energy sources may then be necessary. Explosively
driven MHD generators may fulfill the requirement.

2.2 BOUNDARY LAYERS AND HIGH EXPANSION RATIOS

Boundary layers always present a problem., For the situation con-
sidered here, there are two effects of interest, both of which cause an
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increase in the total energy required. The first of these is the boundary-
layer buildup in the nozzle. Figure 2 gives estimates of the geometric
test-section diameter necessary to provide a specified usable core diam-
eter at the indicated altitude-velocity point {Ref. 9). These estimates
are based upon empirical correlation formulas developed for lower test-
section velocities. To have a usable core of 7 ft, a geometric test-
section diameter of about 15 ft is required. There will be a certain
amount of flow energy in the boundary layer which must be provided for
in the energy source.

The second effect occurs because the boundary layer places a lower
limit on the inside diameter of shock tubes and MHD accelerators. On
the other hand, large area expansion ratios are required to reduce the
density of the flow to the desired value. The minimum shock tube diam-
eter and the necessary expansion ratio may combine to give a test-
section area that is several times the desired value, It is possible to
obtain a realistic test-section size by bleeding off part of the test gas,
but this represents a loss in energy.

2.3 RELAXATION PROCESSES AND MATCHING PROBLEMS

In a nozzle expansion, the static temperature falls quite rapidly.
If the temperature range is high enough, a point is reached at which
the composition of the gas cannot adjust rapidly enough for local equilib-
rium to be attained. The composition of the gas in the test section will
therefore not be the same as that of equilibrium air at the same tem-
perature and pressure.

There are at least two effects of this mismatch in composition that
must be considered. The first is the effect of the nonequilibrium com-
position on the flow over the test object, and the influence on the
resulting measurable quantities. This situation is not yet completely
clear, although work is being done on this item {(see, e.g., Ref. 10).
The second factor is the effect of this altered composition on the nozzle
flow, and these effects have been studied extensively (e. g., Refs. 11
and 12). There is first of all a reduction in the velocity at the nozzle
exit, since a portion of the initial thermal energy is not available for
conversion to kinetic energy. This is, for the application here con-
sidered, a minor effect. More important is the alteration in the
pressure-density relation caused by the lower temperatures. At a point
in the flow at which the temperature is a given value, the density will be
higher because of the nonequilibrium effects.

Some very serious questions are raised by the fact that the condi-
tions in the test section will not match the atmospheric composition,
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and much more study of this problem is needed before definite answers
are possible. For an equilibrium expansion, matching of density,
velocity, and temperature implies matching of pressure and speed of
sound. For a nonequilibrium expansion, this is not true. The density
and velocity may be matched along with temperature or pressure or
speed of sound. The actual choice will probably depend on the partic-
ular phenomenon being observed. Here, the choice is made to match
density, velocity, and frozen speed of sound because it appears that
frozen Mach number in a frozen flow most closely corresponds to the
equilibrium Mach number in an equilibrium flow, Further study may
reveal that, for some conditions, another choice should be made.

In recent years, much has been learned about nozzle processes,
both from the analytical approach of Bray {(Ref. 11) and the numerical
studies performed at Cornell Aeronautical L.aboratory (Ref. 12). As
yet, sufficient experimental data to verify these results have not been
cbtained. For the conditions of interest here, the primary imbalance
in the test section composition is in the atomic oxygen in the test gas.
Figure 3 gives the percentage of the original oxygen that is in atomic
form at the test section for a steady isentropic expansion. It should
be noted that, as indicated in Fig. 3, the amount of the atomic oxygen
frozen in expansion is, to a good approximation, independent of the
reservoir enthalpy {or test-section velocity) and is a function of the
entropy alone. For the condition inthe atmosphere, the entropy is a
function of the altitude alone, the values being indicated in Fig. 3. A
value of the parameter £ of 0.1 cm corresponds to a small facility,
whereas a value of 10 cm is appropriate for the large facility of interest
here.

In Fig. 4, results are given that relate altitude to entropy for
various processes, The upper curve corresponds to an equilibrium
expansion, * the middle curve to an expansion with chemical freezing,
with matching of the frozen speed of sound, and the lowest curve gives
the result for an expansion with chemical and vibrational freezing. The
degree of vibrational freezing is currently in dispute, but the differences
are not a major factor here. The middle curve is arbitrarily used here.

Thus far, no way has been found to overcome the effects of freezing.
All that can be done is to reduce the amount of mismatching as much as
possible and hope that corrections to the experimental results can be
made to account for these effects.

*Throughout this report, atmospheric properties are based upon
Ref. 13; air properties are from Ref. 14 for temperatures above
1500°K and from Ref. 15 for temperatures below 1500°K.
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2.4 HIGH PRESSURES

The low values of entropy associated with the low altitudes, as
shown in Fig. 4, indicate that very high equivalent reservoir pressures
are required. The pressure level will therefore have to be placed at
the highest possible value, consistent with the capabilities in pressure
vessel design.

2.5 LOW PRESSURES

Although very high pressures are required at one point, the need
exists for very high initial vacuums in the test sections. If the initial
pressure in the test section is too high, a secondary shock will form
during the nozzle starting process, reducing the available run time
(Ref. 16). Figure 5 gives the initial pressures required for a perfect
start of the nozzle (no secondary shock). Attainment of pressure levels
of 0,1 and 0. 01 micron of mercury will require a great deal of effort.

It should be noted that current shock tunnels apparently operate at initial
pressures of 10 or 100 times that required for a perfect start. The
reasons for this are beginning to be evident (see Ref. 17), but as yet,
this is not on a firm basis.

2.6 THE DUPLICATION LINE AND TESTING AT A REDUCED MACH NUMBER

In describing the performance capabilities of a given device, use is
made of the duplication line concept. As used here, duplication means
matching of density, velocity, and frozen Mach number.

For a given physical setup, there is a limiting performance line.
The limit may be established by pressure limitations, energy limitation,
etc. In the upper part of Fig. 6, such a limiting duplication line is
shown. Duplication, or matching of density, velocity, and Mach num-
ber, is possible with this particular setup above and to the left of this
line. For altitudes above that indicated by A, the frozen oxygen content
is greater than that at A, but for lower altitudes it is less.

It is possible to test at lower altitudes than those above the limit
duplication line by relaxing the restriction of true Mach number and re-
quiring only that the flow be hypersonic (Mach number greater than
about 10}). Testing at a reduced Mach number with matching of density
and velocity involves testing at a higher static temperature (i.e., less
expansion of the nozzle flow).
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The duplication lines such as shown in the lower part of Fig. 6 are
generally limit lines and are therefore not performance lines for a
given physical setup. Determination of the duplication line for a given
physical setup is a more difficult task and is not discussed herein.

2.7 ENTROPY PRODUCTION

The central problem of providing duplication capability in the de~
sired regime can be related to entropy. To attain the desired velocities,
specific amounts of energy must be added to the working fluid. To
attain the altitude duplication, the entropy of the working fluid after the
energy addition must not exceed a certain value. Therefore, the energy
must be added very efficiently, in terms of entropy production.

The entropy of the working fluid can be written as the sum of two
parts - the initial value and the value added in the energy addition process:

S = Sinal + AScnergy addation

Energy addition by shock heating is very inefficient in terms of entropy
production. For the nonreflected shock tunnel, it is necessary to work
at very high pressures to keep the initial entropy low. For the MHD
nozzle accelerator, the entropy production can be controlled to a certain
extent, but the requirement for a low value of the initial entropy must be
compromised with the conditions of temperature and pressure necessary
for accelerator operation.

SECTION 11l
BUFFER ACCELERATOR PERFORMANCE

3.1 DESCRIPTION OF OPERATION

The operation of a shock tunnel with a buffer accelerator is shown
in Fig. 7. Diaphragm DIl separates the high pressure driver gas from
the buffer gas. Upon rupture of this diaphragm, a shock wave 51 pro-
pagates into the buffer gas. The plane separating the two gases is
termed the contact surface, ¥ C1. The gas behind the shock S1 is accel-
erated in the accelerator so that the shock exiting from the accelerator
has a higher velocity than it did before entering the accelerator. This

*Actually, this is a mixing region of finite thickness rather than a
plane.
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higher velocity shock then ruptures the diaphragm D2, and a shock
wave S2 is driven into the test gas. The gas between the shock 52 and
the contact surface C2 is the test gas, which is expanded in a nozzle to
the test-section conditions. (The diaphragm D3 is inserted to allow the
nozzle and dump tank to be evacuated).

This concept of MHD augmentation in the buffer of a shock tunnel
was originally proposed by Jan van der Bliek, ARQO, Inc., in 1963, in
an unpublished report, Earlier, work had been done by Hogan (Ref, 18)
on the operation of an accelerator of the type considered herein. His
work, which was continued by Leonard (Ref. 19), was devoted to the
understanding of the operation of the accelerator, and no consideration
was given to driving the downstream shock into a test gas, A device
very similar to the one considered herein is being studied by Leonard
and Rose (Ref. 20) in which the accelerator is placed at the diaphragm
D1, The driver gas, which has been seeded, is accelerated, causing an
increase in shock speed in the test gas. This approach involves only
two sections of tube rather than the the three sections that are required
for the buffer accelerator. The choice between these two devices de-
pends upon the driver capability. Leonard and Rose use an electric arc
driver for which the temperature of the driver gas after expansion is
sufficient to generate the necessary conductivity., At VKF, work has
been devoted to drivers with indirect heating, for which the temperature
of the driver gas after expansion is too low to allow for operation of the
accelerator. Therefore, the shock-heated buffer gas is used as the
working gas within the accelerator,

3.2 ACCELERATOR AS A SHOCK-ACCELERATING DEVICE

There are two ways of studying the operation of an accelerator of
this type. The first is the shock-acceleration approach of Rosciszewski
and Oppenheim (Ref. 21}, In their approach, the unsteady x-t charac-
teristics are solved to obtain shock velocity as a function of distance,
They are able to obtain an approximate solution for the case of an ideal
gas by assuming that the shock is a U + a characteristic. This approach
has not been followed herein because extension to a nonideal gas and
removal of the assumption that the shock follows a characteristic would
require a fairly elaborate computer program.

The second approach, and the one that is followed herein, is the
steady-state approach. It is assumed that the accelerator operation is
steady-state, and the exit conditions may be obtained by applying the
steady- state flow equations. Since the item of interest for the buffer
accelerator is the downstream shock speed, some means must be found
for relating the accelerator exit conditions to the downstream shock
speed.
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Figure 8 shows the situation in the x-t plane. The initial shock
is accelerated and at the exit condition has a velocity corresponding to
the point SA. The velocity of the shock at this point is that obtained by
the shock-acceleration approach of Rosciszewski and Oppenheim. A
more accurate evaluation requires solving the characteristics field be-
tween the shock trajectory and the indicated U - a wave. After the
U - a wave has traversed the accelerator, steady-state conditions are
established in the accelerator., The shock should attenuate after it
leaves the accelerator. There are a number of reasons to expect this
attenuation, but the main one is the matter of adjusting to the exit
pressure of the accelerator. This attenuation of the shock causes the
characteristics to coalesce into a secondary shock which moves down-
stream, although it faces upstream (i.e., the downstream pressure is
greater than the upstream pressure). The region between the initial
shock and the secondary shock is one of large entropy gradients be-
cause adjacent particles have passed through shocks of different
strengths,

An alternate interpretation is given in Fig. 9, which is a plot of
pressure and velocity. The shock polar gives the locus of conditions
behind a shock propagating into a static medium with a pressure Py.
Shock speed is a parameter along the polar., The inlet conditions to
the accelerator (denoted by i) are the same as the aftershock condi-
tions {denoted by 2) at the inlet shock Mach number, The shock is
accelerated, and the conditions at the exit of the accelerator at the
instant that the shock leaves lie at the point SA on the same shock
polar. The steady-state velocity at the accelerator exit (point e) is
greater than the inlet velocity, but the pressure will in general not be
too different from the inlet pressure. If it is assumed that the com-
plicated processes are adequately described by simple processes, then
the simple process connecting the exit conditions e with the shock polar
is a secondary shock, as shown in the figure (Ref, 22, p. 228). The
intersection of the polar for the secondary shock with the polar of the
primary shock locates the points b and ¢, and the downstream shock
Mach number is determined. The key assumption is, of course, that
the processes are simple ones. This should be a fair assumption, since
the matching is done on the basis of pressure and velocity, which are not
seriously affected by the entropy gradients,

This secondary shock involves a loss in velocity, and therefore its
effect should be minimized. The processes are quite similar to the
starting processes in a hypersonic nozzle, Based upon this analogy,
Dr. W. Warren* has suggested placing the accelerator next to the

*General Electric Co., Space Sciences Laboratory, Valley Forge
Space Technology Center, King of Prussia, Pennsylvania,
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diaphragm D2 and lowering the initial pressure in this region to the
point that no shock forms. This is illustrated in Fig. 10. The practi-
cal disadvantage of this approach is that in order to have a high after-
shock pressure, which is necessary for high density testing, the
accelerator must operate at high pressure at the exit and even higher
pressures at the inlet.

Thus, far, there is no experimental evidence to verify the existence
of the secondary shock, The available experimental data (Refs. 18 and
19) indicate a large deceleration of the shock at the accelerator exit, but
the deceleration is much greater than can be attributed to the formation
of the secondary shock. This large deceleration was attributed to the
rapid reduction in the magnetic fields at the accelerator exit (Refs. 18
and 19).

An approximate theory can be developed. Figure 11l illustrates the
nomenclature. The unsteady processes of Fig. 8 have been omitted for
simplicity. Ideal gases are assumed. Considering the downstream
shock, Msl', for high shock strengths (Msl' > >1),

sz = —'_2'——1 N‘Sl/ El' (1)

1’+

and

2}'1/ 2 2)
Pr = ST Ms. P (

Across the secondary shock,

P,
i i il (3)
a y, {y, +1) Py ¥ — 1
° ! ! Pe+y1+1

The simplifying assumption is now introduced that (y; - 1)/()/1 + 1) can
be neglected in comparison with P3/P,. Thus

Py
U,- 2 -1
Me = W A (4)
a. ¥, (yl + 1) \" 1;,4

Across the interface between 2’ and 3’, pressure and velocity are
matched.

I

P, = P, (5)

U,r = U,- (8)

10
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Combining the above gives

2),1' 1A (}’1 + 1) 2
Ms .
Yo + v+ 1 ¥, Ly 2 1) 1

/
iy, +1)
_\/‘yl}}:’ = -__J Pe Mp “5[ - =0

This is a quadratic equation which gives the downstream shock speed,
MSl" in terms of the exit conditions, Pe, g, and Msg.

{(7)

Now consider the case for which there is no diaphragm at the exit
of the accelerator, so that

P,y = P,
a = a
Yy = Yy

The inlet conditions to the accelerator are

U; = o +1 Ms, a,
2},1 2
Pi = VT Ms, P,

Assume that the accelerator is of constant area so that

£ Ui = Pe Ue
and assume further that the temperature is constant. This has been
found to be a reasonable approximation for the case of an accelerator

with a constant area, constant electric field, and constant magnetic
field. With these assumptions, the following result is obtained:

Ue*\/ y-1 y=1 U;
Ms‘ } y+1 YTl + 4 7 F1 U. (8)
y =1 ful, Yy +1
l

Yy=1

This equation gives the shock speed ratio as a function of accelerator
velocity ratio. Figure 12 gives a plot of Eq. (8) for vy = 5/3, Also
shown are the results from computer solutions. The program was
written by Guy Gilley, ARQO, Inc., and it solves the accelerator equa-
tions in the form given in Ref. 26 and then crosses the necessary

11
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downstream shocks. Gas properties are based upon a singly ionizing
argon model. It is seen that Eq. (8) provides a reasonable estimate.

The relationship between the steady-state accelerator performance
and the downstream moving shock speed given by Eq. (8) allows the in-
crease in shock speed to be related to the energy added in the accel-
erator. Assuming that most of the energy goes into the gas as directed
kinetic energy, ¥ then

E=m(/2) U} - U]

E/Ai = (1/2) p; UL [(ﬂ—) - 1} (9)

Furthermore, the strength of the shock in the test gas can be determined
in standard ways. Referring to Fig. 13, either an unsteady expansion
fan or a rear-facing shock occurs between region b and region @

and thus

Given the above results, it is possible to relate the overall perform-
ance to the energy addition. Figure 14 gives, ** for a given driver (the
600°K externally heated driver of Ref. 1) and a given downstream pres-
sure, Pg, the energy added in the buffer as a function of the buffer shock
Mach number, MSl, and the downstream shock Mach number MSS' It is

seen ‘hat for a given downstream shock Mach number, there is an opti-
mum value for the buffer shock Mach number. The optimum shock speeds
are high enough to generate the conductivity necessary for accelerator
performance., Using the minimum energy for a number of pressure gives
the curves shown in Fig. 15, There can, therefore, be constructed an
equivalent driver line as the basis of the energy added. Such a set of
curves is given in Fig. 16, For reference purposes, the line for an
after-shock pressure (Pq) of 5000 atm is shown. The possibility of using
helium rather than argon as the buffer gas has also been investigated.

*The amount of energy that appears as thermal energy depends upon
the specific accelerator design. For an isothermal accelerator it is
zero, but for the constant area accelerator with constant electric field
and constant magnetic field the thermal energy addition is about equal to
the kinetic energy addition, as determined by computer solutions.

**These results were obtained from a computer program written by
Cecil Taylor, ARO, Inc.

12



AEDC-TR-66-25

In practice, it would be necessary to seed the helium to develop the
necessary conductivity. This study was motivated by the possibility that
the energy loss by radiation from the shock-heated argon might prove to
be serious.* The results indicate that helium is slightly more efficient
than argon as a buffer gas, with the energy added being about 25 percent
less. To the level of approximation of the analysis, this amount of
energy addition is not particularly significant.

3.3 DETERMINATION OF TEST-SECTION CONDITIONS

Now the equivalent shock tube performance given in Fig. 16 will be
related to the duplication capabilities, It will not be possible to reflect
the shock wave and expand through a converging-diverging nozzle because
the pressures would be extremely high (20, 000 atm or greater), There-
fore, the expansion of the gas in region @ (Fig. 13), begins from the
shock tube area, as shown in Fig. 7.

The test-section velocity will be close to the limiting velocity
vlim = V2 h’o
where h70 is the stagnation enthalpy of the air behind the shock{region @).

Figure 17 gives the ratio of the stagnation enthalpy to the static enthalpy
for calculations (Ref. 24) based upon the most recent air data (Ref. 14),
For simplicity, this ratio will be taken as constant at 1.79. The varia-
tions about this number are minor. Therefore,

roo L

Vim = \(2) (179) 221,

From Ref. 24, Fig. 2d, the static enthalpy ratio ha/hy is very close to
the ideal gas value, which for y = 1. 4 and large shock Mach numbers
is

7 7 £ 2
by = 36 VS (10)
In addition,

=
1]

. = 3.234 x 10° ft'/sec’
so that

Vi = 1500 Ms, (11)

*The results of Ref. 23 indicate that at the high pressures of
interest herein the absorptivity may be high enough that there will be
little total heat loss, in which case this will not be a problem.

13
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with V1ip, in ft/sec. To obtain the entropy of the gas behind the shock,
which determines the duplication altitude, two properties are needed.
One of these is the enthalpy, which is given by Eq, (10). From Ref. 24,
Fig. 2a, the pressure ratio is also close to the ideal gas value, which
is

%’: = % Ms, (12)
With the pressure and enthalpy determined, the entropy can be cbtained
(Ref. 14) and the altitude determined from Fig. 4. In using the results
of Fig. 16, the shock speeds were multiplied by 0. 75 before determining
the after-shock conditions to make an approximate allowance for shock
attenuation.

The duplication results are given in Fig. 18 for the equivalent shock
tube performance given in Fig. 16, for the case of an attenuation factor
of 0.75. It is seen that there can he significant improvement in the
duplication capabilities by the addition of energy in the buffer. It should
be pointed out that very large nozzle expansion ratios will be required.

3.4 TEST TIME CONSIDERAT!IONS

The useful test times with this device will be quite small. Refer-
ring to Fig, 19, the shock-tube test time is

t =L _ _L
S-T. U, US,
Using
ives
; tg.p, = —= :
- £r _
Ms,a, Sy 7!

From Fig. 2b of Ref. 24, p7/p8 is about 8 for the conditions of interest

here. Therefore,

o, = ok
T 7 7Mg, a,

This is divided by two to account approximately for the test time loss
attributable to interface acceleration (Ref. 25). Thus,

- L
'S.T. T TTamg, a, (14)

There is a loss in test time caused by the convergence of a U - a
wave from the throat as initiated by the initial shock, and a U + a wave

14
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from the throat as initiated by the contact surface (Ref. 16). For high
test-section flow Mach number in a conical nozzle,

3.33 Ly
My o= ST

81,5,
The flow Mach number can be written as

l\] = vlim
1.8,
Using Eq. (11) gives
M= 800 g
T.S.

in which the speed of sound in the test section, ap g , is in ft/sec.
Therefore,

3.33 Ly
2.25 Mg’

At =
L
ar.s.

The net test time at the test section is then

L 3.

= - At = -_
trs. 7 fsr. T A4 14 Mg, a, .25 MsTal
For simplicity, let

a, = ap g = 1000 ft/sec = 1 ft/msec

so that, with the test time in msec and the lengths in ft,

¢ _ L _ . 3-33 Ly
T.5. 14 Mg, 2.25 Mg’

(15)

The shock speed for which the test time is maximum for given
tube length and nozzle length is then

Ly
Msa = 41.5 . (16}

and at this condition

L
Ms, tT.s. = 3¢ (17)

If the tube length downstream of the accelerator is 100 ft, and the
design condition such that Mg, = 20, giving a test-section Mach num-
ber of 30, then the test time is 180 usec and the nozzle length 48 ft
At lower shock Mach numbers, more test time can be obtained by
proper design, but the result is that test times will generally not ex-
ceed 200 gsec (0.2 msec). It should be again noted here that some

15
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aliowances have been made for known factors affecting test time, e.g.,
interface acceleration and attenuation; thus the above test time esti-
mates are as realistic as possible based on the present state-of-the-art.

3.5 DETAILS OF ACCELERATOR OPERATION

In the preceding analysis, the accelerator was treated as an energy
addition device, but no consideration was given to the details of the
accelerator. Now some basic considerations will be applied to determine
the size.

The one-dimensional, steady-flow equations describing the acceler-
ator operation are (Ref. 26)

Conservation of mass

constant (18)‘

pUA = m =
Conservation of momentum
pU AL . <P . 4B(E - BU) (19)
Conservation of energy
pU (—ddl + U idU->= sE(E - BU) (20)

{The nomenclature is illustrated in Fig. 20.) The system of equations
is completed by the equation of state and the specification of three
quantities. For the buffer accelerator, it is reasonable to assume that
E, B, and the cross-sectional area, A, are constants.* A further
reasonable approximation is to neglect the pressure gradient term in
Eq. (19) and assume that the conductivity is constant. This equation
may then be integrated to give

aB’LH
Ue = Uj +(—% = U])(l ~ e L ) (21)

The asymptotic final value if E/B, and this velocity is achieved in a
length for which the interaction parameter

. = ___aj;ba (22)

is about 2 or 3.

*1t may be necessary to have some variation in E to overcome the
maximum velocity increase limitation pointed out in Ref, 26.
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To illustrate the relative magnitudes involved, the condition of
Mg, = 20, Pg = 10 atm is chosen. The following values were obtained

as part of the computer solutions upon which Figs. 14, 15, and 16 are
based:

P, = 1.7 amm
Ue/Ui = B.5

From these, the desired value of E/B is

-g— = 24,800 m/sec

The estimated conductivity is 5 x 103 mho/m, and assuming an inter-
action parameter of 3 gives

B2 La = 23

in which B is in weber/mz, and the length L, in meters. Therefore,
an accelerator 1 m long with a B-field of 5 weber/m2 is adequate, The

E-field is then

E = 124,000 v/m = 1240 v/cm
For an electrode separation distance of 20 cm, the electrode voltage
is 24, 800 v. From Fig. 15, the energy flow rate is 5 x 108 joule/

sec-cm? so that for a 400-usec run® and a cross-sectional area of
400 cm?2, the ideal total energy required

Energy = (5 x 10°) (400 x 10~°)(400) = 8 x 107 joules

The average total current is then

] = —— 83 10"
(400 x 107°)(24,800)

= 8 x 10°amp

This is quite a high value. ¥* The current density is concentrated at the

*The accelerator run time should be longer than the shock tube test
time to allow for the fact that disturbances from the accelerator travel
at the speed of sound relative to the flow, The amount of this has not
been estimated.

*¥The high value of the total current suggests the possibility of using
this current to generate the magnetic field by means of current loops in
series with the electrodes.
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leading edge, and the initial value is found to be

Jmax = 5.45 x 10" amp/cm?

This is also a high value.

3.6 SUMMARY OF BUFFER ACCELERATOR

These estimates have shown that the buffer accelerator is capable
of providing the capability for testing in a region which is not currently
available. In the next section, the nozzle accelerator is considered,
and it will be seen that this approach is also theoretically capable of
providing coverage of a somewhat similar region. In many respects,
the nozzle accelerator is considered to be superior to the buffer accel-
erator. However, the buffer accelerator has one major advantage:
the test gas is clean. For the nozzle accelerator, it is necessary to
add seed material to the test gas; therefore there is foreign material
in the test gas, The choice between a buffer accelerator and a nozzle
accelerator lies wholly in the sericusness with which the effect of the
seed addition is viewed.

The primary disadvantage of the buffer accelerator is the short
test time, which is on the order of 200 psec. It may be possible to
perform meaningful aerodynamic experiments within this time interval,

The success of a buffer accelerator depends upon a number of
factors. The test program planned for the buffer accelerator has the
following purposes:

1. Determination of the validity of the mathematical models used,
2. Determination of the overall efficiency, and

3. Investigation of the ability to draw large current densities in
a diffuse sheet.

SECTION 1V
NOZZILE ACCELERATOR PERFORMANCE

4.1 DESCRIPTION OF OPERATION

A simplified schematic of a nozzle accelerator is shown in Fig. 21.
The shock tube (which need not have a buffer section) generates a slug
of high pressure, high temperature air.* The shock tube may be

*An alternate approach is to use a hot shot as the gas source (Ref. 28).
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operated in a nonrefiected mode, but in general the requirements of run
time will dictate operation in the reflected mode, using either the

tailored-interface or the equilibrium interface-technique (Ref. 27}). The
test gas from the shock tube is then accelerated by the MHD accelerator.,

4.2 DISCUSSION OF ADYANTAGES AND DISADVANTAGES

The primary advantage of this approach is that the process is in-
herently more efficient than the buffer accelerator because the energy
is added directly to the test gas. The disadvantage is the necessity of
adding seed material to the test gas, since at the conditions for which
air has any significant electrical conductivity the entropy exceeds that
necessary for flight duplication at the altitudes of interest.

The intentional introduction of a foreign material into the test
gas* must be viewed with suspicion especially because of the large
effort that was necessary to reduce the contamination of hotshot tun-
nels to the point where the data were useful (Ref. 2). However, seed
is necessary for the nozzle accelerator to be a workable device. The
effects of this seed material upon the flow about the body are, at
present, uncertain although the problem is being studied (Ref. 30).
Some order-of-magnitude estimates given in Ref. 31 indicate that the
seed may not adversely affect the flow, particularly at velocities above
30, 000 ft/sec.

4.3 DUPLICATION CAPABILITIES

This particular approach has received extensive study. The theory
is fairly well developed, and there exists a general optimization theory
(Ref. 31), Other analytical studies are given in Refs. 8, 32, 33, and
34, which may be taken as representatives from a large body of avail-
able papers and reports. Experimentally, the emphasis has been upon
accelerators for continuous operation (see Ref. 35}, but the possibility
of use with pulsed supplies is receiving increased attention (Refs, 28,
36, 37, and 38).

Because a considerable body of literature exists for the nozzle
accelerator approach, no attempt will be made to present the analytical
details. Instead, results from previous work will be cited.

*A means of seed injection is given in Ref. 29.
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The particular results cited here are those given in Ref. 32, The
analysis is based upon a set of operating conditions chosen as follows:

1. The applied magnetic field (B) is constant,
2. The static temperature is constant, and
3. The loading factor (E/BU) is constant.

The inlet conditions are chosen to maximize the test-section velocity
for a given entropy. Although the particular set of operating condi-
tions was chosen on the basis of analytical simplicity, the results from
this approach agree well with those of a more exact theory, in which
the optimum operating conditions are determined (Ref, 32). In addition,
studies have been made of accelerators with some practical simplifica-
tions (primarily in the area distribution).

These studies show that the duplication limits are determined by
three basic parameters;

1. seed concentration (i.e., conductivity);

2, the parameter B2La, where B is the externally applied mag-
netic field strength and L, the accelerator length; and

3. the stagnation pressure of the reservoir supplying the
accelerator,

A high value for each of these is called for. The first two of these
parameters should actually be considered together since the governing
combination is really the interaction parameter (Eq. 22)) which con-
tains the grouping aBzLa. The conductivity varies roughly as the square
root of the seeding fraction; thus, calculations based upon one value of
the seeding fraction can be used for other seeding fractions by making the
proper adjustment in the parameter BzLa.

The requirement for a high seeding fraction must be compromised
with the difficulty of data interpretation if the test gas contains a large
amount of seed. Since, at present, the degree of difficulty caused by
seed is uncertain, the allowable seed fraction must be set arbitrarily.
The studies that have been conducted to date have been based upon either
1/4- or 1/2-percent potassium seed. The actual contaminant concentra-
tion will probably be larger, since the potassium would in practice be
introduced in the form of a compound.

The upper limit on the parameter BZL&1 may be set by a number of
factors. At very high B-field levels, the internal magnet stresses may
be large. At a magnetic field strength of 25 weber/m? this stress is
36, 000 psi. By proper choice of material, this may be contained. Joule
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heating is a problem for continuous operation, but it is probably not a
factor here since the coil may be operated on a pulsed basis. Further
discussion is given in Section VII. The length of the accelerator must
not be such that boundary-layer buildup within the accelerator is a
problem. Other practical problems may also limit the length. The
energy in the B field, and therefore the energy required to generate the
field on a pulsed basis, is proportional to the product of B2 and the
volume over which the field acts; therefore the energy varies directly
as BzLa. The actual energy necessary can be determined only by a
detailed design, taking into account the various packaging problems.

The results of the calculations are given in Figs. 22 and 23. Re-
sults are given for three different values of the stagnation pressure,
100, 1000, and 5000 atm, representing three different levels of shock-
tube performance.* The influence of the accelerator performance is
shown by the three values. of B2La of 100, 500, and 2000 weber2/m3,
The first of these values corresponds to a magnetic field of 5 weber/m
with an accelerator length of 4 m {(or other possible combinations). The
higher values correspond to accelerater lengths of, say, 5 m, with re-
sulting magnetic fields of 10 weber/rn2 and 20 weber/m?2, respectively.

[0

The figures illustrate first of all that this type of accelerator is
limited to duplication of altitudes above 150, 000 to 200, 000 ft. In
Ref. 8, the limits are given as from 100, 000 to 150, 060 ft. There are
two reasons for these differences. The first is that here the more re-
strictive requirement of true test-section Mach number is imposed,
rather than the requirement of a hypersonic Mach number used in Ref. 8.
The second reason is that the relaticnship between altitude and entropy
used in Ref. 8 is based upon an expansion with frozen chemistry and
vibration, whereas here the relationship is based upon an expansion with
frozen chemistry and vibrational equilibrium.

Figures 22a, b, and ¢ show the effect of higher accelerator per-
formance for a given supply stagnation pressure. The results show
quite strongly the necessity of high values of B2La if high test-section
velocities are to be obtained at altitudes below 250, 000 ft. For a supply
pressure of 100 atm, the curves are terminated on the low-velocity end
at the velocity for which the inlet Mach number is 1.5. The low-velocity
termination point for the case of a 5000-atm supply is the limit of the
tables of Ref. 19,

*#*Shock tube performance depends upon stagnation temperature as
well as stagnation pressure, but for these calculations the temperature
is implicitly determined by the requirement of adequate electrical
conductivity,
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Figure 23 illustrates the effect of the supply for a given accelerator
(B2L, = 500 weber2/m3). From this it is seen that the influence of the
stagnation pressure is not as strong as that of the accelerator perform-
ance, which is perhaps not too surprising.

In comparing the capabilities of the nozzle accelerator as given in
Fig. 22 with those of the buffer accelerator as given in Fig. 18, it is
seen that the nozzle accelerator provides a capability at the high
velocities that the buffer accelerator cannot provide. The buffer accel-
erator, on the other hand, provides coverage of the high density {low
altitude), moderate velocity area, which the nozzle accelerator does
not cover.

4.4 SPECIFIC CASE

To illustrate the magnitudes of the parameters involved, a specific
case will be assumed, Take from Fig. 22b the case for a test-section
velocity of 30, 000 ft/sec at a duplication altitude of 200, 000 ft. The
parameter B2L, is then 2000 weber?/m3, which could be provided by
a magnetic field strength of 20 weber/m2, and an accelerator length of
5m.* A shorter accelerator with larger magnetic field strengths would
be desirable. The reservoir pressure is 1000 atm.

From Ref. 8, the optimum accelerator inlet conditions are

Ti = 3000°K
P, = 7.67 atm
S/R. = 31.4

Because of the uncertainty in the conductivity estimates, the inlet condi-
tions are taken at a higher temperature.** Therefore, take

T, = 3500°K S/R; = 31.4

P.

1

21.0 atm 2

il

0,129 Ib/ft®

*Smaller values are obtained if the seeding fraction is increased
above 1/4 percent.

**Recent unpublished studies have shown that in order to keep the
magnitude of the Hall potential reasonable, even higher inlet tempera-
tures are required,
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The reservoir conditions are determined by the stagnation pressure
and the inlet entropy

P, = 1000 atm
S/R. = 31.4
from which T = 6100°K

The shock tube conditions required to obtain these conditions in the re-
flected region are

N]S = 8-8

Pl = 1 atm
Therefore

U. = 10,450 ft/sec

1

M, = 2.9

The mass flow rate through a usable core of 7-ft diameter is

1';1 = p;‘\U
= (1.20 x 10™°) (38.5) (30,000)

= 15 lb/sec

From Fig. 2, the geometric diameter would have to be about 15 ft. The
mass flow entrapped in the boundary layer in the test section is not
definite, but the total mass flow rate will be less than four times that
through the core. Therefore, as an approximation, take the mass flow
rate through the accelerator as

m = 50 lb/sec

This assumes that the boundary-layer buildup occurs primarily down-
stream of the accelerator. The inlet area is then

A. ﬁl/PlUl

50 /{0.129} (10,450)

0.0371 ft?

= 5.34in.?

which requires an inlet diameter of 2. 31 in.
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The accelerator exit conditions are found fo be
3500°K

-3
n

P, = P;/e = 7.73 atm
P, = pj/e = 0.0475 Ib/ic’
(S/R), =~ 32.4
U, = 29,800 ft/sec

M, = 8.2

Ae = 5.1 in.?
An exit diameter of 2, 26 in, is required. Continuity considerations
therefore call for a slight decrease in flow area through the accelerator,
which is undesirable for other reasons. In practice, a sufficient in-
crease in area must be provided to eliminate the possibility of choking
caused by boundary-layer formation. The amount necessary is not
known absolutely, but it is assumed that a small additional divergence
angle of 1 or 2 deg on the walls of the accelerator will be sufficient.

By use of a real air expansion, the nozzle throat area is found to be
0. 00805 in. 2, calling for a diameter of 0.28 in.

Turning now to the power supply requirements for the accelerator,
the energy added in the accelerator is ideally

E - m (U2 - U2

8 x 10° joule/sec

0.8 megajoule/msec

The power supply requirement then depends upon the run time and the
overall efficiency. A run time of 2 or 3 msec should be possible at this
shock tube condition. The overall efficiency is unknown, but assuming
provisionally a value of 10 percent gives as the energy requirement or
24 megajoules for 3 msec.

The maximurmn voltage required may be estimated by using the fact
that at the exit the loading factor

8 = E/BU
is close to unity, Therefore
E = (20) (29,800 x 0.3048)

182,000 v/m

f
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The po ential difference across the core is

V = (182,000) {2.26/39.37)

10,450 v

To this must be added the voltage drop in the boundary layers, which
is at present unknown. In any event, the E-field power supply must
have a voltage capability of from 10 to 20 kv.

The accelerator will be built of segmented electrodes, with indi-
vidual floating power supplies for each pair, to neutralize the Hall
voltage (Ref. 8). The magnitude of this Hall potential is estimated at
from 10 to 40 kv. There are a number of problems to be studied in
regard to the number of electrodes required and the insulation thick-
ness between adjacent electrodes that is necessary to prevent shorting
caused by the Hall potential.

Estimates of the energy requirement for the magnetic field power
supply are more difficult to obtain since the total volume over which
the B-field is generated must be known. This total volume must take
into account the increase in accelerator size attributable to boundary-
layer growth as well as the various packaging problems. At a B-field
level of 20 weber/m2, the energy stored in the field is about 8 x 108 joules
per cubic meter of unit inside coil volume. The internal volume of the
accelerator, not including boundary-layer corrections, is 0. 0168 m3.
On this basis, the ideal energy requirement is 1.34 x 107 joules. There-
fore, the actual energy requirement to provide the B field on a pulsed
basis will be perhaps 100 megajoules. This is indeed a large value, and
study must be devoted to this particular aspect of the problem to keep it
within bounds. It is interesting to note that the energy requirement to
provide the B-field is greater than that required to provide the E-field.

The purpose in presenting this specific case is not to provide an
actual design but to point out the probiem areas and areas of uncertainty.
Design of an actual facility requires answers to some of these problems
as well as more complete parameter studies.

4.5 SUMMARY OF NOZZLE ACCELERATOR

The nozzle accelerator has the theoretical capability of providing a
test capability approaching escape velocity for altitudes above 150, 000 to
200, 000 ft.
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The primary areas that need study are

1, seeding, both in regard to technique and effect on flow about
test object;

2. boundary layers, both in the accelerator channel and the nozzle;
3. determination of overall efficiency;

4. working with high voltages and high energies on a pulsed basis;
and

5. electrode segmentation.

SECTION V
BASIC APPROACH FOR EXPERIMENTAL STUDIES

The two previous sections have pointed out that of the two possible
approaches to MHD augmentation of a shock tube, the buffer accelerator
theoretically provides a clean test gas but short test times, whereas the
nozzle accelerator requires the addition of a seed material to the test
gas. The choice between the two depends upon the relative importance
of a clean test gas and test time for the class of problems to be studied.
For aerodynamic tests the clean test gas will probably be the governing
consideration, whereas for propulsion tests the test time may be the key
item.

Because of the lack of data for either approach, it was decided to
perform experimental studies for both. Following these preliminary
studies, one of the two approaches will be selected as the most prom-
ising, and further work will be performed.

The guiding consideration in the present research program is to
develop a test setup that, with minor modification, can be used for
investigating both the buffer accelerator and nozzle accelerator con-
cepts. For either of these, there are four basic items needed: (1) a
shock tube, (2) an electric field supply, (3) a magnetic field power
supply and a magnet, and (4) an accelerator. Of these four items, the
first three are common; the major difference is in the accelerators.
The buffer accelerator can consist of a single pair of electrodes,
whereas the nozzle accelerator will have a number of segmented elect-
rodes. This difference leads to certain differences in the power supply
requirements, and of necessity there will be moedifications to the tube
to accommodate the accelerators., Fortunately, these differences are
not major,

In discussing the components in the remainder of the report, the
design for the buffer accelerator is given. The buffer accelerator was
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chosen for initial investigation, because an AEDC-funded program on
the nozzle accelerator was underway elsewhere (Ref. 36).

Coensidering first the shock tube, the existing Tunnel J shock tube
was selected because of its availability and performance. Planned
development of drivers for this tube is adequate for the purposes here.
Reference 1 gives in detail the capabilities and planned development of
this tube.

The electric field power supply must be sufficiently flexible to
operate as a single bank for the buffer accelerator and as a number of
independent banks for the nozzle accelerator. Capacitors fulfill this
requirement quite well; therefore the existing 106-joule Hotshot 1 capa-
citor bank (Ref. 2) was relocated. This particular bank consists of
4000-v cans, and stacking is necessary to develop the required voltages.
A description of this bank is given in Section VI,

The decision was made to use the existing Tunnel F generators as
the power supply for the magnetic field and to procure a special coil.
Since the generators are of relatively low voltage, a large cross-
sectional area in the coil is required. By judicious design, a potential
magnetic field strength of 10 weber/m?2 was obtained, which is sufficiently
high to perform meaningful experiments. The possibility also exists for
increasing the attainable field strength. The details of this component
are given in Section VII,

The final component is the accelerator. The design for the buffer
accelerator is given in Section VIII. The design of the nozzle accelerator
is not complete.

SECTION VI
ELECTRIC FIELD SYSTEM

6.1 INTRODUCTION

Because of considerations presented in previous sections of this
report and other factors, the general design criteria for the electric
field system were to deliver 106 joules of electrical energy into a con-
ditioned gas behind the shock wave within a specific time duration, with
a given pulse shape, and at specific electric field and current density
levels. The conductivity of the accelerator inlet gas could be varied
one and one-half orders in magnitude, depending on the particular shock
tube performance regime.
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The specific electric field system design criteria were determined
to be as follows:

(a) Total Energy: 106 joules

(b) Gas Conductivity: 103 - 5 x 104 mho/m

(c) Electric Field Levels: 0-102 v/m (0-4000 v)

(d) Current Density Levels: 0-4 x 10° amp/m
(B = 0) (0 to 1.3 x 106 amp)

(e) Pulse Time Duration: 400-2000 pgsec

(f) Pulse Shape: Square

(g) Electrode Configuration: Internal surfaces to match interior
of 40-mm tube and of variable length from 1/2 to 12 in,

(h) Pulse Synchronization: Microseccnd resolution in firing
pulse relative to shock wave

(u) Safety Considerations: Because of the use of hydrogen and
the desire to prevent premature firing
into low pressure accelerator gas, the
system had to have permissive and
positive firing control.

(j) Energy Source: From existing VKF energy storage systems

This performance capability required a very versatile energy
storage system. After studying existing VKF energy storage systems,
it was concluded that a simulated transmaission line made from an exist-
ing 106-joule, 4-kv capacitor bank would be preferable to existing
inductive energy storage systems, and, therefore, theoretical studies
were made to determine the system characteristics and required values
for various parameters.

6.2 THEORETICAL STUDIES

Several case studies were made to determine the effects of various
parameters. These studies were made using an analocg computer
programmed with the exact differential equations, The following rela-
tionships were used from Ref. 39.

(1) Characteristic impedance for a lossless line

lo = (—E—:—L:-i-) " ohms (23)
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The terms Ly and Cy; are the inductance and capacitance of each sec-
tion measured in henries and farads, respectively.

(2) Pulse Duration
t = 2N[LyCy 1% sec (24)
where N = number of transmission line sections employed.

(3) Load Voltage

[ 5= - —Za 25
Ve Vo(l RUZD) (25)
V. = initial voltage on capacitors in volts

RL = resistance of load in ochms

{(4) Load Current

l§

1L = Vi /Ry amp (26)

In addition, the MHD accelerator channel resistance was assumed
to be
{5) Resistance of the Channel
R=-L1 (B=-0

o A, (27)
where ta = effective distance between
accelerator electrodes, m
Ae = area of accelerator electrode, m2

it

o = electrical conductivity, mho/m

From the accelerator dimensions given in Section VIII and the
geometrical considerations of Fishman (Ref. 40), this equation becomes

0.336 x 10°
T (B = 0) (28)
where o = electrical conductivity, mho/m

La

length of accelerator electrodes, in.

(6) Current Density (Neglecting the UB Term)
j = oE {29)

where E = electric field intensity, v/m
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The following cases were considered:
6.2.1 Case Dne

The simplest case considered was the lossless transmission line as
shown in Fig. 24, For this case, with a matched load {i.e., RL/Z0 = 1)
and values of the various parameters in the range of interest, the effect
of varying the number of sections in the line (Fig. 25) was to decrease
the pulse duration as the number of loops decreased while the average
current level remained the same. Figures 26 and 27 show the behavior
for the matched case of the locp currents, and the voltage across each
section capacitance as a function of time. Figure 28 shows typical plots
of the shape of the current pulse through the load for various values of
RL/ZO where the characteristic impedance, Z,, was constant and the
resistance, Ry, was varied according to Eq. (28} for a number of elec-
trode lengths and gas conductivities. Figures 29, 30, and 31 summarize
the plots of Fig. 28 plus many others not presented herein by showing the
variation of load current, current density, and electric field intensity
with accelerator electrode length and gas conductivity.

6.2.2 Case Two

Having seen in Section 6.2.1 that a reasonably square pulse could be
obtained across the load with the desired range of current density, the
effect of adding inductance to the load was considered as shown sche-
matically in Fig. 32. With the resistance of the channel, Ri,, equal to
the characteristic impedance, Zos it was evident (Fig. 33a) that for a
small value of inductance (10-6 henry) the average current across the
load remained the same as for the case with no inductance (Fig. 25) and
that the inductance removed most of the ringing effect at the initial part
of the current pulse. This value of inductance changed the rise time by
less than 2 percent. However, for larger values of inductance (5x 10-6
and 1079 henries, Figs. 33b and c), the rise time changed considerably,
the pulse shape was no longer square, and the average current did not
reasonably approach the value in Fig. 25. It was therefore desirable to
limit the inductance in the load to approximately the value of Ly to obtain
a smooth pulse.

6.2.3 Case Three

The circuit in Fig. 34 considered the effect of resistance in the
cables connecting the capacitors, and calculated results for such a cir-
cuit are shown in Fig. 35. A comparison of the pulse shapes (Figs. 33a
and 35a) revealed that a small resistance in each loop (-5 x 10-3 ohms)
had very little effect on the shape or value of the current across the load,
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but as this value was increased to 5 x 10°3 ohms (Fig. 35d) the initial
slope decreased slightly, there was a slight decrease in the average

current, and the current began falling off sooner. It was therefore de-
sirable to limit the resistance in each section to one milliohm or less,

6.2.4 Cuose Four

The final case considered the total effect of line and load inductance
and line resistance as shown schematically in Fig. 36. It was desirable
to study the current which could be obtained for several pulse durations
as determined by Eq. {24). Since the value of Cp could not be decreased
without losing energy for a given load voltage requirement, five arbitrary
values of Ly were selected to give pulse widths from 0.4 to 2. 0 msec in
0. 4-msec increments.

Figure 37 shows the behavior of the current across the load for one
of the five values of inductance for the matched case. This plot and other
matched and unmatched cases not presented herein are summarized for
one of the five values of inductance in Fig, 38. The effect of accelerator
electrode length and gas conductivity on the load current is given in
Fig. 38 and the effect on current density in Fig. 39.

Although all the pulse durations are not presented herein, the pulse
duration lengthened as the value of inductance increased (Eq. (24)), but
as the inductance increased the maximum current which could be ob-
tained decreased. Also, as the inductance increased, the current density
which could be obtained with a specific load resistance decreased. There-
fore, when the current pulse lengthened, the current density obtainable
decreased,

Maximum energy transfer in the specified pulse time was obtained
with a matched (Ry, = Z,) load. Figure 40 shows normalized energy
delivered in the first pulse as a function of the degree of mismatch.
Normalized current through and voltage across the load are also plotted
as a function of normalized load resistance in Fig. 40.

6.3 SYSTEM DESCRIPTION

Based on the analog computer studies presented herein and other
local design considerations, the electric field system configuration that
was built is that which is shown schematically in Fig. 41. Referring to
Fig. 41, the electric field (E-field) system consisted of a ten-section,
simulated transmission line, an air gap switch, the load bus, and the
accelerator electrodes through which (when B = 0) a resistive gas flowed.
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Each of the ten sections of the simulated transmission line con-
sisted of capacitance, line resistance and inductance, and a variable
inductance. The section capacitance was provided by 50 "can-stacks"
connected in parallel. Each can-stack consisted of two 125-uf, 4-kv
rated capacitors connected in series to provide 62.5 pf at 8 kv in each
can-stack, making a total section capacitance of 3. 125 millifarads at
a design rating of 8 kv. The line resistance and inductance was due
to the parallel combination of 200 RG8A/U coaxial cables, each 75 ft
long, connecting the section capacitance to a collector plate. Each
can-stack was connected to the collector plate by four parallel cables.
The total line resistance was 1.04 milliohms and the total line induct-
ance, 0,0286 microhenry (zh). The 75-ft length of each cable was due
to a multiple accelerator location test plan and the desire to keep the
inductance, resistance, and capacitance of each section balanced.

The range of impedance matching as a function of section inductance,
capacitance, and total pulse time is shown in Fig, 42. The variable
inductance was provided by either 1 or 2 turn inductors of variable
diameter to give the values shown in Fig., 41. The inductors were
physically located between the collector plates of each section and
were made from 1- by l-in. cross-section, heat-treated aluminum
bar stock. Figure 43 shows photographs of the racked capacitors of
each section, the current collector plate, and the installed inductors
between each section.

The ten sections were connected in series as shown in Fig. 41 and
were switched on by means of an air gap switch shown in Fig. 44. The
current pulse was fed through a coaxial bus system* to the accelerator
electrodes as shown in the photograph in Fig. 45. A discussion of the
accelerator is provided in Section VIII.

Because of the requirement for quickly disconnecting the load bus
from the accelerator electrodes and the time element involved in the
original fabrication of the load bus, a higher inductance (Ly,,5 = 0.8 zh)
was obtained than was desirable,

The "'switching on" of the electric field was accomplished by the
circuitry shown schematically in Fig. 44. For normal operation, the
tungsten-tipped gap electrodes were spaced such that the gap would hold
off 2 kv more than the bank charge voltage to prevent premature self-
firing caused by changes in humidity, dust in the gap, et cetera. The

*An improved bus system was installed later because the bus
system shown in the photograph was found to transmit forces to the
electrodes.
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automatic gap firing system, designed by Mr, D. S. Bynum, ARO, Inc.,
sensed the pressure rise behind the shock wave with a pressure trans-
ducer immediately downstream of the driver diaphragm and, provided,
the pressure level was at a predetermined level, transmitted a 10-msec
pPermissive pulse, only during which the gap could be fired automatically.
With the permissive pulse provided, when the shock wave arrived at a
given station upstream of the accelerator electrodes, the system sensed
the passing shock wave with an ionization probe and transmitted a pulse
to a time delay unit. After a predetermined time delay, the third elec-
trode in the auxiliary gap was pulled to ground potential via a thyratron
firing and the auxiliary gap then conducted current. This placed the
20-kv auxiliary capacitors across the gap switch, The very short pulse
from the auxiliary capacitors broke down the gap, and the voltage
balance network drew a small sustaining current until the discharge
across the electrodes was underway. Inductance between the gap and
capacitors and between the gap and the accelerator was essential for
this mode of operation. The time resolution in synchronizing the switch-
ing on the electric field with the shock wave is on the order of a few
microseconds. The accelerator electrode voltage balancing circuit
shown in Fig. 46 was used to balance the voltage between each electrode
and the accelerator housing (ground potential) to relieve a critical
electrode insulation problem inside the accelerator.

The remaining components of the electric field system consisted
of a standard 8-kv charger and high voltage relays for disconnecting
during discharge, a grounding switch system for grounding when not in
use, a crowbar switch, and a crowbar load for dumping the energy in
the bank.

Standard instrumentation measurements included total current,
total electrode voltage, voltage between each electrode and the accel-
erator housing (ground potential), voltage across the air gap switch,
and rate of change of current. All voltage measurements were made
using a standard voltage divider and were displayed on an oscilloscope
and the oscilloscope traces photographed. The rate of change of cur-
rent was measured by means of a calibrated search coil wound toroi-
dally around the inner conductor of the coaxial load bus. The current
measurement was made by passively integrating the rate-of-change-
of-current measurement. Both dI/dt and the current were displayed
on oscilloscopes and the oscilloscope traces photographed.

6.4 SYSTEM PERFORMANCE

To determine the performance of the E-field system, about sixty
discharges were made into dummy load resistors which were matched
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to the characteristic impedance of the system. The dummy load dis-
charges were made at various initial voltage levels and with diiferent
inductors. The discharge characteristics were in good agreement

with theory except for the 400-usec case for which the stray induct-
ance of the system was significant relative to the inductance of the
inductors. This resulted in a longer pulse duration and a slower initial
rise time.

Oscilloscope traces of total current, total electrode voltage,
voltage between each electrode and ground (balancing network), voltage
across air gap switch and rate of change of current for a typical low
level dummy load run are shown in Fig, 47.

SECTION VII
MAGNETIC FIELD SYSTEM

7.1 INTRODUCTION

As the MHD parametric studies progressed, it became more and
more evident that high-level, transient, magnetic fields over large
volumes would be required for high performance, pulsed MHD accel-
erators. In addition to the high magnetic field levels, the magnetic
field had to be tailored along the channel axis at the entrance and exit
of the accelerator to prevent large kinetic energy losses in the working
gas.

As a result, a study of previous, high magnetic field work was
made with particular emphasis on the following general magnetic field
system design criteria:

1. Magnetic Field Level: 0-10 weber/m?2

2. Field Distribution: Uniform throughout accelerator electrode
length and decreasing uniformly to zero
along channel axis in not less than 5 tube
diameters (-8 in. ) at both entrance and
exit of accelerator

3. Pulse Time Duration: Minimum of 2000 psec
4. Pulse Shape: Uniform through pulse time duration

Pulse Synchronization: Magnetic field to be on when electric
field "switched on" upon arrival of shock wave
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6. Field Volume: A minimum consistent with the required field
distribution along the channel axis

7. Energy Source: From existing AEDC-VKF energy storage
systems

To meet the above design criteria, a detailed search of the litera-
ture was made to determine the theoretical considerations required and
to compile the fundamental coil parameter relationships necessary for
a coil design.

7.2 THEORETICAL CONSIDERATIONS

7.2.1 Summory of Applicable Work by Others

In the literature (Refs. 40-68), coils for producing high magnetic
fields are generally classified into three broad categories: (1) d-c
coils, (2) pulse coils, and (3) superconducting coils. The coils may or
may not be operated continuously, and may or may not be cooled, but
are generally operated for longer durations of time than pulse coils and
are usually cooled in some manner, Pulse coils are usually used in
applications where the duration of the pulse time is on the order of milli-
second or less and almost always are not cooled since during such short
times the total heat that can be transferred is usually small. This pro-
vides an inherent temperature limitation. Superconducting coils are
operated at temperatures below their superconducting critical tempera-
ture and can be pulsed or operated indefinitely without generating
Joulean heat. Because of the availability of low impedance, unipolar
generators, superconducting and short time pulse coils were eliminated
very early in the study. In this section, the fundamental parametric
relationships applicable to uncooled, long pulse duration {~ 10 sec) coils
are presented,

7.2.1.1 Summary of Existing Coils

Powerful d-c coils have long been used to study various magnetic
effects; however, by far the majority of the cases were such that the
higher fields were produced over very small volumes. This was un-
fortunate from the MHD point of view since high fields over large
volumes were desirable; however, much was gained from studying the
work of others, while at the same time keeping in mind the large volume
requirements.

The first powerful d-c¢ coil was constructed by Francis Bitter at
MIT in 1939 (Ref. 69). The coil consisted of a stack of flat copper
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washers and insulating spacers, split and connected so that the washers
form a continuous helix for the current path. This coil produced
10 weber/m2 over a volume of 25 x 10"% m3 and was water cooled.

For a long time the Bitter coil was the only one in the world which
could produce such high fields. In the last decade, however, powerful
coils have been constructed in several countries and are summarized
in Table I along with other pertinent information. In their complex of
equipment, cooling principle and design, they are basically similar to
Bitter's coil.

The first pulse coil for producing strong transient magnetic fields
was constructed by Kapitsa (Ref., 42) in 1923-1927., With this device,
magnetic fields of 50 weber/m2 were achieved. Pulse techniques were
further developed in 1956-1961 such that regular investigations could
be made at field levels of 70 weber/m2. Since then, extremely high
magnetic fields have been generated, the highest reported in the litera-
ture being 1400 weber/m2, produced by chemical implosion at Los
Alamos (Ref. 43). Table II summarizes the more important of the exist-
ing pulse coils along with other pertinent data.

From the d-c coils field-power relaticns, very high magnetic fields
require very high power levels. The principal advantage of a pulse
system is the ability to store energy over a long period of time and
discharge the energy through the coil in a short time, thus generating
very high transient power levels, and relying on thermal inertia to pre-
vent overheating.

Thus, by this crude definition of a pulse coil, the same general
d-c coil parameter relationships hold provided ''skin effect' is taken
into consideration when defining the current density distribution in the
conductors of the pulse coil.

7.2.1.2 Coil Parameter Relationships

According to Montgomery (Ref, 70), of the several ways of gener-
ating a magnetic field, the choice is dictated by considerations of field
magnitude, volume, duration, power, weight, and space. Thus, it was
of interest to summarize the relationships between field, current,
power, and volume for a uniform current distribution, a Bitter radial
current distribution, a Gaume current distribution, and a Kelvin current
distribution. These current distributions are sketched at the top of
Table III. In general, the relations summarized in Table III are essen-
tially the same as those of Montgomery (Ref. 70).
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7.2.1.3 Magnetic Strasses in Coils

The interaction between magnetic fields and currents produces
forces. For a cylindrical coil these forces act in such a manner as to
compress the coil axially and enlarge the coil radially. Thus, accord-
ing to Furth (Refs. 40 and 41) the axial magnetic field of an air core coil
behaves like a two-dimensional gas that exerts a radial pressure
mathematically identical with the magnetic energy density,

2

P, = B newton/m?
" 24, (30)
-rr 2 e 2
= 57.5 B” Ib/in,
where B = weber/m*
Mo = 47 x 1077 for free space

Generally, for a thick-walled coil, the stresses are simply treated
using thick-walled pressure vessel theory. Referring to the coil model
shown in Fig. 48, Furth gives the radial stress at any point (a) as

S P ! 2 ) where o = as/a
a = Py Sl o 2741 (31)

and the tensile stress at any point (a) as

S - P, al_l(l N ) (32)
for o large

Sa - Py (%) (33)

Sg = Po (2) (34)

Thusg, the maximum tensile siress is equal to P,. Figure 49 shows the
approximate magnetic yield points of various metals in terms of the
B-field. Another way of interpreting Fig. 49 is in terms of the highest
steady-state magnetic field that can be attained using various coil
materials before the material begins to yield. Furth (Ref, 41) has made
a large number of tests to verify the above relations and the attainable
levels given in Fig., 49.

The above relations only relate to the bursting stresses, and do not
take into account inertial effects. There are also axial compressive
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stresses which must be considered. According to Montgomery (Ref. 70},
the maximum average value of the axial compressive stress is approxi-
mately 20 percent of the bursting stresses and except for insulation
considerations can generally be ignored.

7.2.1.4 Skin Effect Considerations

In Bitter-type pulse coils, the current distribution is governed by
skin depth phenomena. The skin depth is defined as the depth below the
surface at which the current density is 1/e of its value at the surface.
The skin depth, S, is a function of frequency, resistivity, and permea-
bility. Stratton (Ref. 44) gives the relation

%

S = QMP) meters (35a)
W
where p = resistivity in ohm-meter

w = frequency in radians per second (= 27v)

v = frequency in cycles per second

p = permeability of material, 47 x 10-7 for
a nonmagnetic medium

For copper at 293°K, p = 1.72 x 10”8 ohm-meter. Thus, Eq. (35a)
becomes for copper

S = (6.6 x 10_3}1/-1/1 meters (35b)

For a l1-msec pulse (- 500 cycle/sec), the skin depth in copper is only
0.295 x 102 m or about 3 mm. Thus, it is seen that most disc-type
pulse coils have somewhat large unused portions of conducting medium
which are used only for additional strength and as a sink. If this addi-
tional strength and heat capacity are not needed, then it is obvious that
the maximum radial thickness of the individual coil turn should be on
the same order as the skin depth.

According to Montgomery (Ref. 70), in determining the various
parameter relations for a pulse coil, if S/al > 1, j{a) quite closely
approximates the d-c case of a 1/a current distribution; however, in
most pulse coils 0 < S/aj < 1 and the current drops off much faster
than 1/a. Thus, if @ is close to 1, a very reasonable approximation
can be found by assuming the current is 1/a since the field is not very
dependent on the current distribution for this case. Further, it is
generally conventional to assume the current is 1/a when calculating
inductance and resistance, and thus the actual values of L. and L/R
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can be expected to be smaller and R larger when assuming a 1/a current
distribution.

7.2.2 High Transient Magnetic Fields for MHD Accelerators

For high performance pulsed MHD accelerators, high transient
magnetic fields are required over large volumes. In addition, the
magnetic field must be tailored along the channel axis at the entrance
and exit of the accelerator to prevent large kinetic energy losses
(Ref. 19) in the working gas.

7.2.2.1 Type of Coil for a Pulsed MHD Accelerator

The desired duration of the j x B force acting on the gas in the high
performance pulsed MHD accelerator is on the order of one millisecond.
Therefore, the simplest type of coil to use for the B-field would be a
pulse coil. This is particularly true if the switching synchronization of
the E- and B-fields can be readily achieved. The pulse coil is most de-
sirable mainly because the complex cooling system can be eliminated
and thus a greater degree of design freedom is allowed in the coil and
accelerator configuration. However, skin effect presents a more dif-
ficult situation in the B-field tailoring problem. This can be overcome
by providing for a "forced' current density distribution in the coil wall
and will be discussed more thoroughly later.

In any event, the superconducting coil is presently eliminated if
the B-field levels required exceed about 10 weber/m2. Although a plain,
cooled coil can be pulsed and has the advantage of lower I2R heat genera-
tion since R is lower, the overall gain is usually negative because of the
refrigeration system that is required. Thus, for these reasons, an
attempt should be made to design the B-field coil to operate in a pulse
duration regime where the skin effect is low enough to be tolerated and yet
the cooling system can be left out of the design.

7.2.2.2 Coil Configurations for MHD Accelerator

In general, just about any reasonable coil configuration can be built
to provide the B-field for an MHD accelerator, provided funds are
available. The coil parameter relations presented in Table IIl apply;
however, an "effective o, B, and a; will have to be applied where the
coil geometry used is other than that described herein.

7.2.2.3 Large B-Field Yolumes for MHD Accelerator
Although in most of the experimental work noted herein small

B-field volumes were used, large volumes are strictly a matter of

39



AEDC-TR-66-25

funds (Ref. 51, i.e., coil and power supply costs). Since magnetic
pressure is a function of B2, a larger inside-diameter-coil presents
a greater problem in the design of the de facto pressure vessel. A
plot of the magnetic pressure developed, using the relation (Eq. (30))

P = B2 newton/m?
20

m
or
P, = 57.5 B? Ib/in.?

where B is in weber/m?2, is shown in Fig, 50 as a function of B.

7.2.2.4 Energy in the B-Field for MHD Accelerator

The energy density, Uq, in a2 magnetic field is

Ug = B? joule/m® (36)
2,

To find the total energy, one must know B(x, y, z) over all space and
integrate over all space. This is most often difficult to do. By
thinking in terms of an ideal coil {one where no flux linkages exist
within the coil wall), then every flux line outside the coil must also
continue inside the coil. Therefore, by taking the inside volume (Vy)
of the coil and multiplying by B, at the center of the coil yields, very
approximately, one-half the total energy required.

Thus, the maximum total energy, U, that can be stored in the
magnetic field is

B, .
Ut = ™ V1 joules (37)

A plot of the total energy per unit inside volume (V) of the coil is

shown in Fig. 51. In addition to the energy stored in the magnetic
field, the Joulean heat energy must be added to arrive at the total

energy required.

7.2,2.5 Attainable Magnetic Field Levels for MHD Accelerator

From the graph in Fig, 49, it is seen that magnetic field levels
up to about 60 weber/m2 can be attained without destroying or
damaging the coil. The limiting factor in this case is the tensile
yield strength of the coil material (assuming adequate cooling or mass
to limit the temperature rise in the coil). Further, this assumes a
suitable structure can be designed to contain the de facto pressure
vessel. The design of a d-c¢ coil to produce a steady-state magnetic
field level of 60 weber/m?2 would be a formidable engineering problem
and would be very expensive.
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7.2.2.6 Tailoring the Magnetic Field at the Entrance and Exit of a MHD Accelerator

According to Leonard {(Ref. 19) it is necessary to tailor the mag-
netic field at the entrance and exit of a MHD accelerator to prevent
high kinetic energy losses in the working fluid, This can be done
simply by choosing the proper wall thickness for the coil at the entrance
and exit of the MHD accelerator. Figure 52 shows a nondimensionalized
plot of the radial variation of the axial field component at several axial
stations. It should be pointed out that this plot is for constant current
density with radius, a given « and B, and it does not consider skin effect.
For pulse coils the skin effect can be greatly reduced by a forced current
distribution through the coil wall. One way to accomplish this is to wind
the turns of the coil in a spiral so that the current in the inner turns must
also flow in the outer turns. This will not only force the desired current
distribution in the wall, but also, according to Furth (Ref. 40), will re-
duce the magnetic pressure at the inside coil wall and the temperature
rise in the skin volume,

Based on the high magnetic field theory and other considerations pre-
sented herein, it was concluded that

1. Although the production of B-field levels is a formidable
engineering problem, levels of 60 weber/m2 (600, 000 gauss)
could be attained for use with large MHD accelerators.

2. To properly tailor the entrance and exit B-field distribution along
the accelerator channel axis, a forced current distribution in the
coil wall must be provided if the skin depth is small relative to
the coil wall thickness.

3. The radial coil structure must be designed such that it can with-
stand 57.5 B2 lb/in. 2 equivalent gas pressure acting radially
on the inside surface of the coil wall at a given B-field level and
that the axial coil structure must be capable of withstanding in
compression approximately 20 percent of the radial pressure.

4, Although coils have not been built to produce 60 weber/m?2 over
volumes on the order of a few cubic meters, such coils seem
technically if not economically feasible.

5. Due consideration should be given MHD pulse generators to
drive such a coil so that the high costs of power supplieg can
be drastically reduced.

7.3 DESIGN OF MAGNETIC FIELD COIL FOR RESEARCH MHD ACCELERATOR

Based on the general magnetic field system design criteria and the
theoretical considerations presented herein and on other studies not
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herein presented, the following specific design criteria were established
for the present MHD accelerator magnetic field coil design:

1. Magnetic Field Level:

2. Field Distribution:

3. Pulse Shape:

4. Pulse Time Duration:

5. Pulse Synchronization:

6. Field Volume:

7. Energy Source:

8. Temperature Rise:

9. Coil Shape:

42

10 weber/m?2 maximum throughout
accelerator electrodes

Uniform throughout accelerator
electrode length of 12 in,, which

dictated an inside coil diameter of 18 in. ;
and uniformly decreasing to zero in not
less than 8 in., which dictated a forced
current distribution in the coil wall.
Also, the coil wall thickness could not be
less than 8 in,

Damped RLC circuit pulse shape with
seconds of relatively little change at peak
of pulse.

A maximum of 10 sec because of the time
constant of low voltage energy storage
system selected as energy source.

Because of the long pulse time of B-field
pulse, E-field to be fired on peak of
pulse.

Inside diameter of coil to be sufficiently
large to provide the required channel axis
field distribution and also to provide space
to connect E-field load bus to accelerator
electrodes.

Existing AEDC-VKF Tunnel F
100-Megajoule Inductive Energy Storage
System. Maximum voltage of 90 v and
maximum current of 106 amp, where both
do not occur at the same time because of
decay in speed of motor-generator sets.

Maximum AT = 125°F

Circular design because of high magnetic
pressures, and, further, coil shape must
be compatible with accelerator housing.
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With the above specific design criteria, the coil was originally
designed as indicated below.

From the relation (assuming uniform current distribution)

Bo = poa, JA [f (a, B)]webcr/m"

where the nondimensional coil parameters o and 8 are defined as shown

in Table III and A is the ratio of current conducting area to total area,
For

B, = 10 weber/m?
e, = 9 in.
po = 47 x 1077 henry/m
A = 0.9 (assumed from other coil designs)
] = 25, 000 amp/in. 2 (based on allowable total

temperature rise of 125°F
in 10 sec)

the f{a, B) was computed to be
f(a, B) = L.0

For the value of f(a, 8) = 1.0, using the plot of normalized volume versus
B with ¢ the running parameter as shown in Fig., 53, the values of « and 8
for a minimum volume inthe coil were selected. These values were
taken as

a = 2555 and B = 1.667

which, when actually calculated, give a value for (¢, 8) = 1,06, This
6-percent margin was provided to compensate for a reduction in field
strength at the center of the coil that was caused by holes through the
coil walls. The holes were provided so that the accelerator tube could
extend through the coil in an area of maximum field strength.

From the selected values of ¢ and .3, other coil parameters were
computed as follows:

Total Coil Volume:

Vr

27 8’ [B (& ~1)]

42.2 x 10" in.’
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Total Current per Turn:

. (Vp Ap) J?
IT Ecoil

Allowing 65 v for the coil after bus voltage drop,
It = 255,000 amp

Number of Turns:

N = Ap Al
: I

N

37 turns

Area per Turn:

_ 1
AN = TR

An 11.34 in.?

QOutside Diameter:

2a, = 2a &,
= 46.0 in

Coil Length:

2b = 28 aq,
2b = 30.0 in.

Turn Thickness:

AN

t =
Nlolnl 2b

= 0.378 in,

=t
tNCOppel’ Niotel

= 0.340 in.

=1t
N inaul ation Niotel

= 0.038 in.

thopper

44



AEDC-TR-66-25

Magnetic Pressure Inside Coil;

B,?

A sketch of this coil design is shown in Fig. 54, A half-scale model
of this coil was built, and measurements were made of the magnetic field
distribution along the MHD accelerator channel axis to determine the
effect of the accelerator holes through the coil walls. A photograph of
this model is shown in Fig. 55, and the measurements of the magnetic
field distribution along the MHD accelerator channel axis are shown in
Fig. 586.

The original design of the coil shown in Fig. 54 specified turns made
of copper sheet, spirally wound to give 37 turns and a hole bored through
the coil walls for the accelerator tube to go through. Because of a copper
shortage and long lead times required for copper sheet, an alternate de-
sign was chosen where copper magnet wire was substituted for the copper
sheet. In addition, however, the magnet wire had to be wound around the
accelerator tube hole to make the inner spirals, or pancakes, effective.
This proved to be difficult to do, and as a result several design changes
were made to make fabrication easier. A 4-in. -thick insulator was added
between the coil halves, and smaller spacers were added between each
coil pancake to provide proper pancake spacing so that backup load bear-
ing area between turns would be sufficient. These necessary design
changes resulted in other changes in &, 8, and the number of turns to get
the desired magnetic field level at the center of the coil. The final de-
sign was done in the same manner as the first design except using new
values of @, 8, N, and * that were compatible with the fabrication tech-
nique., A drawing of the final coil that was built is shown in Fig. 57, and
a photograph of the coil installed is shown in Fig. 58. The final values
of the various coil parameters are compared to the original values in
Table IV.

7.4 SYSTEM DESCRIPTION

An electrical schematic of magnetic field system is shown in Fig, 59,
The system consists of the coil (final design) previously described, the
Tunnel F unipolar generators, the interconnecting bus, associated switch-
gear, and the necessary control system,

A pictorial representation of the Tunnel F inductance energy storage

system is shown in Fig. 60, and a description of its normal operation and
performance characteristics is given in Ref. 71.
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The switch SW-4 {Fig. 59) consists of eight, 3000-amp-rated, dis-
connect switches ganged together and actuated by an air cylinder. The
switches are mounted on 20-kv insulators. The bus connecting the coil
to SW-4 consists of 42 paralleled 1000-MCM cables approximately
150 ft long and were designed to allow a 20-v drop in the bus at
280, 000 amp. Photographs of the SW-4 installation and the terminating
cables are shown in Fig. 61. Overvoltage protection for the coil when
SW-4 interrupts the current after a pulse is provided by a resistor and
a voltage breakdown disc, both connected in parallel with the coil
(Fig. 59). The control system on the generators only regulates the
generator terminal voltage down to approximately 0. 75 v, and thus,
when SW-4 interrupts, the resistor in parallel limits the coil voltage
to 2000 v or less. The over-voltage discs back up the resistors and
are set to break down at a voltage slightly higher than 2000 v.

A typical coil charging cycle is shown in Fig. 62. The long time
at maximum current through the coil was necessary because of the non-
repeatability of the shock tube diaphragm rupture and will be reduced
when better repeatability is achieved.

7.5 SYSTEM PERFORMANCE

The measured magnetic field levels inside the coil are compared
with theory in Fig. 83, and the agreement is considered satisfactory.

SECTION Yl
BUFFER ACCELERATOR

The buffer accelerator was located near the entrance to the driven
tube (accelerator goes through magnetic field coil) as is shown in the
drawing of the research shock tunnel system in Fig. 64. Figure 65
shows a photograph of the installed accelerator relative to the B-field
coil and other shock tube components. A photograph showing the com-
ponents of the accelerator is given in Fig. 66. The details of construc-
tion and assembly can best be seen in the isometric cutaway drawing
sheown in Fig. 67,

The inside diameter of the accelerator was made 40 mm to reduce
the total energy required. The accelerator housing was made of a non-
magnetic 303 stainless steel and was designed to contain a maximum
pressure of 10, 000 psi. A Plexiglas® window with three ports was pro-
vided for viewing the electric discharge. The electrodes through the
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accelerator housing and the electrode conducting surfaces were made of
BeCu for strength and conductivity. Except for the epoxy resin insula-
tion on part of the backside of the conducting surface, all insulators
inside the accelerator were nylon.

Versatility was provided in the design so that any length of electrode
conducting surface from 0.5 to 12 in. could be used. Also, the current
path to the conducting surfaces could either be through the upstream or
downstream electrode position, depending on the desired effect,

During E-field discharge studies, some difficulty was experienced
with the epoxy resin potting on the conducting surfaces. Improved pot-
ting techniques and an electrode-to-ground voltage balancing circuit
(Fig. 46} proved to be a satisfactory solution to this insulation problem.

SECTION IX
OPERATIONS

The operational testing of the equipment described in this report has
alternated with the shock tube operation described in Ref. 1,

The initial tests were made over the period from February 18 to
May 21, 1965, and consisted of discharges without the magnetic field.
During these tests the emphasis was on working out instrumentation,
equipment, and timing problems. These tests indicated difficulties with
the accelerator, which was redesigned to provide more electrical insula-
tion. These tests also provided a base from which to compare operation
with the magnetic field. Operations with combined electric and magnetic
fields were undertaken on September 21, 1965,

A segmented-electrode accelerator is currently being designed for
the basic experiments on the nozzle accelerator. Initially, tests will be
conducted with the accelerator in the same position as the present buffer
accelerator, with a complete nozzle installation at a later date if the
initial results are encouraging, During the time period between the con-
clusicn of the buffer accelerator tests and the segmented-electrode tests,
a number of shock tube tests will be made (Ref. 4).
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Fig. 8 Schematic of Accelerater Processes in x—t Plane
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Fig. 9 Schematic of Accelerator Processes in the Pressure-Velocity Plane
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Fig. 10 Processes for Reduced Pressure at Accelerator Exit
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Fig. 11 Nomenclature for Downstream Processes
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tube with no attenuation)
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Fig. 15 Minimum Energy Requirements for Argon Buffers
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82



AEDC-TR-66-25

8000
ch v m i
0 VAR A -
= LS
1 Il !

Time, M sec

Time, W sec

Fig. 27 Voltage across Section Capacitance as a Function of Time
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Fig. 45 Photograph of Coaxial Bus System to Accelerotor Electrodes
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— Theory {No Allowances
for Hole through Coil
and 4-in. Spacer)

O Measurements

Distance, In.

Fig. 56 B-Field Distribution in Half-$1ze Model
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Dimensions Are in Inches.

Fig. 57 Drowing of Final Coil Design
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Fig. 39 Electrical Schematic of Magnetic Field System
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Electrical equipment for this system includes:

@ (NDUCTION MOTOR @ SPECIAL PROTECTIVE GAP
@ EDDY-CURRENT COUPLING @ MOTOR CONTROL CENTER

@ rLywHEEL @ METAL-CLAD SWITCHGEAR
@ ACYCLIC GENERATORS @ AMPLIDYNE MG SETS

@ TRANSFER SWITCHES @ LOAD CENTER SUBSTATION
@ sToracE coil @ CLOSED-CIRCUIT TELEVISION

@ LOAD ISOLATING SWITCH

Fig. 60 Pictorial Representation of Tunnel F 100-megajoule Inductive Energy Storage System
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Fig. 62 Typical B-Field Coil Charging — Discharging Cycle
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Fig. 63 Comparison of Measured Magnetic Field Distribution to Theory = Final Coil Installation
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Fig. 63 Concluded
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TO B-FIELD POWER SUPPLY

Fig. 64 Research Shock Tunnel System

TO 1600°K HEATER
POWER SUPPLY

§Z-99-41-203v¥



5z-99-41-203¥

AEDC
2292-65

Fig. 65 Photograph of Buffer Accelerator Installation
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Fig. 46 Photogroph of Components of Buffer Accelerotor
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Fig. 67 Cutaway lsometric Drowing of Buffer Accelerator
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TABLE |

SUMMARY OF D-C COILS IN OPERATION

T

Field Working Power Lit,
Strength, | Opening, |Consumption, Cooling Year of Principal Ref.
Name of Laboratory weber!mz cm mw Method Supply Construction | Investigator No,
Unly. in Leiden 6.0 8 1.4 Qrthodichlore- Rectifier 1960 D. de Klerk 52
benzene
Los Alamos, USA 8.0 6.3 0.015 |Liquid Hydrogen 1959 H. L Laquer | 53
Lyons, France 1.0 L3 Water Motor-Generator, 1958 F. 1. Gaum 54
Tka, 1%0v
Bell, Murray-Hill, 8.8 5 15 Water Motor-Generator 1957 I. F. Kunzler | 55
USA
Univ, in Berkeley, 10.0 10 1.5 Kerasene Motor-Generator, 1959 W. F. Giague | 56
usa 8.5ka, T00v
Mass. Inst. of 10.0 2.5 1.7 Water Malor-Generator, 1539 F. Bitter 9
Tech,, USA 10ka, 170 v
Research Center in 10.0 30 - Liquid Neon - 1961 4. C. Lawrencel 57
Cleveland, USA
Univ. of Tokyo 12,0 -- 3 -- -- Under 5. Maeda 58
Construction
Nat'l. Magnetic Lab., 12.6 2.5 1.88 Water in Lotal- | Motor-Generator, 1961 H. Kolm 59
Boston, USA Bailing 10ka, 170V
Nat'l. Magnetic Lab., 2.0 8-12 Water in Local- | Four 2-mw Under F. Bitier 60
Boston, USA Boiling Motor-Generators Construction
NASA, Cleveland 20.0 30 - Liquid Neon Unipolar Gen. Under 1. €. Lawrence| 57
Ohia 76,000 amp Construction
atilv

67-99-41-043Vv
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TAELE 1I

SUMMARY OF PULSE COILS IN OPERATION

Magnetic Working Pulse Lit.
Field, 2 Cpening, ; Length, Year of Principal Ref.
Name of Laboratory | weberim cm SeC Cocling Supply Construction | Investigator | No.
Phillips, Holland 10,0 ~ | 25x10® - Capacitr, 4 kv, 1961 W. DeBlois | 61
2 uf
GERN 20.0 5 102 oil Capacitap. Bank, 1960 t. Morquo | 62
3% 1Y joule
Max Planck tnst., 30,0 107 Inside Liquid N Capatitop Bank, 1960 H. Bergmann | 66
Munich, Germany 3 x 107 joule
Harvarg Univ., USA 60. 0 0.45 5% 107 -- Capacitor Bank, 1936 H. Furth 40
I ky, 1725 pi
Mascow State Univ. 6.0 0.6 107 - Capacitor Bank, 1957 V. R Karsik | 63
Jkv, 12001
Physics tnst., Acad. 70.0 0.45 104 - Capacitor Bank, 1961 V. R. Karsik | 63
of Sciences, 5 kv, 1000 pf
Moscow, USSR
Mass. Inst. ol Tech ,| 75.0 0.45 1074 .- Capacitor Bank, 1957 S. Foner 64
USA 2ky, 3000pf H. Kolm
Harvard Univ., USA 160.0 0.4 1077 .- Capacitor Bank, 1957 H. Furth 40
dky, 3000pf
Los Alamos, USA 1400. 0 0.3 2x1078 -- Energy of Explosion 1960 C. fowler L]
and Capacitor Bank,
20k, 7.5 uf
KOL Lewden, 300 0.6 102 Liquid Hy Capacitor Bank, 1961 1. C A &5
The Netherlands 5000 joule van der Sluijs
Alm. Wpn, Res. Est. 10.0 15.25 i Liquid Ny Bat. 6700 amp at 1861 S. Skeliett 67

Aldermasion, Eng.

900 v
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TABLE Il

SUMMARY OF CURRENT, FIELD, AND POWER RELATIONS FOR DIFFERENT
CURRENT DISTRIBUTIONS

Unilorm Current Bitter Radial
Distribution Current Distribution
o _I s T
a . — W —
a 2 a a
2 3 72 1 '(g 1 2
b b
Ay Pra)
eS— , M
Current Distribution jlax)= Jl jla,x) = =
12
t8ax 1028 112 [0 + 02+ 312 4721072 B+ +pl2
F Gla, 1
Geometry Factor, 5)[: @l-1 } , 1+(1+pVe2 Pina ‘nﬂg + @2+ pliz

4n ; a.,.(uz.,ﬁz'll?]

Fleld Factor, Fia,B) [IU B tn T+ 1+ pBI2 [Anﬁ tn )i G(u,B)]

U2 2
Field vs Power Bo- e85 ) x106 Bo-ch,ﬁ)(%)
Fleid vs Current Density 8, = Fia,B)[jajA] x 10 By = F@,B1[ja;A] x 108
Field vs Ampere- N)

- =Nl 6 " i
Turns By ru,m[zﬁm _1,] x 10 B, ru.m[zﬁh _”} x 100
" 17-2 rlg+ 1) _B_zg s

Resistance R A, @-DB i3 A2y B na
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Current Distribution

2 |12 V2
Geometry Factor, Gia, Bl[‘m i :| [Mn']ﬂ‘%ﬂn'lg' ZFIO.K)]

Field Factor, Fia, )

Field vs Power

Field vs Current
Density

Fleld vs Ampere-
Turns

Resislance

TABLE lli (Concluded)

Gaume Current
Distribution
2b

il

a
alz

12

Kelvin Current
Distrivution

2
32 a
“'_a_L__S Tal aZ
b
-2 [
sl
Y 3

- ".!l_l [(rzl‘ 1) ; (r“luz)m] (“—u'_‘) “a'x"h[ lala )?+rz 3'2]

Flg,K)= Ellxphc of sl kind
gtan-l B, Kea2-10

o

12
3 B e e
“52 u2+5 ) 3(u tan P tan lb)]

\ 100 ¢ !
ETUORE

w2
)
Bu'G“’-‘”(pal) * Gla, Bi(

8, - Fla,B)[f ajh]x 10

|
8, - Fie.p) ) iw[ane - 1) L x 10

R - taine2n | [110avia - 11][6a,p] |2

¢ = thickness of cenler furn in meters
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TABLE IV
COIL DATA
First Design Final Design
Bo s weber/mé 10.6 9.91
‘max
imax @mp 255, 000 280, 000
Vmaxe V 66.9 74.2
Riay microhm 262.5 265
L, microhenry 255 520
Imax amplin.2 25, 000 25, 000
Number of Turns 37 39
Aturn, in-? 11.34 11.2
ATy F/10-sec Pulse 125 125
Coil Dimensions
I.D., in. 18.0 18.375
0.D., in. (Less Banding) 46. 0 50,5
Width, in. 30.0 37.6
a = apfa; 2,55 2.76
B = bla) 1.67 2.05
fta,p) 1.06 1. 086
A 0.9 0.803
Conductor Material Copper Copper
Conductor Shape Sheet Magnet Wire
Banding Material Glass Tape Glass Tape
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